An experimental and computational study of the bending response of steel sandwich panels with corrugated cores in both transverse and longitudinal loading orientations has been performed. Panel designs were chosen on the basis of failure mechanism maps, constructed using analytic models for failure initiation. The assessment affirms that the analytic models provide accurate predictions when failure initiation is controlled by yielding. However, discrepancies arise when failure initiation is governed by other mechanisms. One difficulty is related to the sensitivity of the buckling loads to the rotational constraints of the nodes, as well as to fabrication imperfections. The second relates to the compressive stresses beneath the loading platen. To address these deficiencies, existing models for core failure have been expanded. The new results have been validated by experimental measurements and finite element simulations. Limit loads have also been examined and found to be sensitive to the failure mechanism. When face yielding predominates, appreciable hardening follows the initial non-linearity, rendering robustness. Conversely, for designs controlled by buckling (either elastic or plastic) failure initiation is immediately followed by softening. The implication is that, when robustness is a key requirement, designs within the face failure domain are preferred.
Introduction
All-metallic sandwich panels combine weight-efficiency (Ashby et al., 2000; Evans et al., 2001; Wadley et al., 2003) with blast containment Qiu et al., 2003 Qiu et al., , 2004 Radford et al., 0020-7683/$ -see front matter Ó 2005 Elsevier Ltd. All rights reserved. doi:10. 1016/j.ijsolstr.2005.06.073 2005; Vaughn et al., 2005; Hutchinson, 2003, 2004; Rathbun et al., in press) and, in some cases, efficient active cooling (Valdevit et al., 2004; Lu et al., 2005) . Progress has been enabled by the development of a straightforward and inexpensive manufacturing technology (Sypeck and Wadley, 2001; Wadley et al., 2003) . Cores of interest include honeycombs (Zok et al., in press; Cote et al., 2004) , pyramidal and tetrahedral trusses (Chiras et al., 2002; Rathbun et al., 2004; Wicks and Hutchinson, 2004; Zok et al., 2004) , textile meshes (Sypeck and Wadley, 2001; Zok et al., 2003) as well as corrugated and diamond ducts (Valdevit et al., 2004) . Full-scale application requires that the structural performance be characterized using a combination of analytical and numerical results, validated by experiments. Such characterizations have been developed for truss and honeycomb core panels Zok et al., 2004, in press ). This article presents analogous results for panels with corrugated prismatic cores. It draws upon analytic results for minimum weight designs presented elsewhere (Valdevit et al., 2004) . The assessment is presented for the two principal orientations ( Fig. 1a) : transverse (bending plane normal to the corrugation axis) and longitudinal (bending parallel to the axis). The geometries used for testing were chosen to be near-optimal in each. All tests have been performed on 304 stainless steel panels, fabricated by brazing. Previous assessments have indicated that the properties of this steel are affected by fabrication and that comparisons between measurements and calculations should be made using the braze-modified properties .
The outline of the paper is as follows. In Section 2, a synopsis of the analytical model for corrugated core panels is presented and geometries of interest are selected. Section 3 presents the experimental protocol and This choice has been made because optimal designs frequently lie at the confluence of core and face buckling. In such cases, adjoining members in compression are simultaneously on the verge of buckling and offer little contribution to the rotational stiffness of the nodes. However, for designs in which the critical loads for core buckling are considerably greater than those for the face, or vice versa, the constraints offered by all members should be included. By repeating the procedures leading to the derivation of Eqs. (3) (Valdevit et al., 2004) but including the constraint offered by the members in compression, the coefficients become:
The formulae in Eqs. (3) and (4) (Valdevit et al., 2004) :
where m is PoissonÕs ratio and y is the distance from the neutral axis ( Fig. 1(b) ) and min denotes the minimum value over the pertinent domain. Here the buckling coefficients are K c = 4, K s = 5.35 and K b = 23.9. These results allow the construction of preliminary failure maps (Fig. 2) , which enable the design of near-optimal panels: one each for the longitudinal and transverse orientations. The two designs (used in the subsequent experiments) are denoted by the solid circles in Fig. 2 . They differ only in their core thickness: H c /l = 0.055 and 0.115. The former is selected to be nearly optimal in the transverse orientation and the latter nearly optimal in the longitudinal orientation. Slight deviations from optimality arise due to thickness restrictions on commercially available steel sheets.
Indentation
The preceding results have the deficiency that the compressive stresses induced by the loading platen have not been included. Such stresses can play a significant role in core failure, as demonstrated in the subsequent experimental study. To address this limitation, the following approach is adopted. (Details are presented in Appendix A.) (a) An analytic model is used to estimate the core indentation stress beneath a loading platen of width 2a in a three-point bending specimen. Comparison with a three-dimensional finite element calculation of one of the designs is used to assess the accuracy. (b) The indentation stress is combined with that due to bending and the Mises criterion used to predict yield. The result follows a form similar to that in Eq. (5b), but with additional terms due to indentation. The lower of the two loads (with and without indentation) is chosen. (c) The indentation stress is used to predict buckling of the core members. The new buckling load is compared with that due to bending alone; the lower one is chosen. (d) The modified results for core failure are combined with those for face failure (Eqs. (5a) and (5c)) to recompute the mechanism boundaries and the load capacities.
A modified failure mechanism map based on the preceding protocol is presented in Fig. 3 . Results are plotted for a/l = 0.042: chosen to be representative of the experiments described below. Note that the indentation stress expands the domain over which core failure mechanisms are active. It also causes a shift in the optimal design to lower values of both core thickness and face thickness. Comparisons with the subsequent experimental measurements are used to further assess these predictions.
Experimental assessment

Panel design and testing
Near-optimal panels designed in accordance with Fig. 2 have been fabricated from 304 stainless steel, using methods described elsewhere (Sypeck and Wadley, 2001; Wadley et al., 2003; Zok et al., 2004) . Briefly, the cores were produced by sequentially bending flat plates along the lines of the nodes through an angle of 45°. The cores were subsequently bonded to the face sheets by brazing, using a mixture of a polymer-based cement (Nicrobraz Cement 520) and a Ni-22Cr-6Si braze powder (Nicrobraz 31), both supplied by Wal Colmonoy (Madison Heights, MI). All geometric parameters are given in Table 1 . The beams were tested in three-point flexure with a loading span S = 300 mm. The load P was applied through a 12.7 mm wide platen. To assess reproducibility, two samples of each configuration were tested under nominally identical conditions. Fig. 2(b) ), are shown by the dashed lines. Dashed lines denotes optimal design.
Measurements and observations
The load-deflection curves measured for the two different orientations are presented in non-dimensional coordinates in Fig. 4 . Images at significant stages in the deformation are presented in Fig. 5 . Note that, in most cases, the limit loads measured on the two equivalent panels are consistent ( Fig. 4) and deformation modes are the same (Fig. 5) . The exception is the thicker panel tested transversely. For this design, while one panel failed by face buckling, the other failed by core buckling at lower load. These differing responses are addressed in Section 4.
To provide context, it is instructive to compare the results with those for a monolithic beam of the same areal density. At failure initiation, the latter is given by (Zok et al., 2003) : Table 1 Geometric parameters of the two panel designs 
For the pertinent properties (e Y = 0.0008 and W = 0.0106), the load at failure initiation, (V 2 /EM) MY % 1.5 · 10 À8 , is more than an order of magnitude below those for the sandwich panels. Note that the thinner panel loaded longitudinally exhibits the most desirable response (Fig. 4(b) ). In this panel, failure initiation occurs by face yielding, at V 2 /EM % 2 · 10 À7 , followed by appreciable hardening (plastic buckling in the core is deferred to large plastic displacements). All other panels exhibit comparable or slightly higher critical loads (V 2 /EM % (2-3) · 10 À7 ), but undergo dramatic softening just beyond the criticality, because buckling is the active failure mechanism (Fig. 2) (either elastic buckling for the thicker panel tested in the transverse direction, or plastic buckling just after yield for the two remaining panels).
Assessment
The analytic predictions for the failure initiation loads, obtained from Section 2, are superimposed on the measurements in Fig. 4 . The interpretation for the thinner panels is straightforward. The predicted loads ( Fig. 4(b) and (d) ), governed by face yielding, are consistent with the measurements, provided the yield strength (160 MPa) of brazed 304 stainless steel is used . The interpretation for the thicker panels ( Fig. 4(a) and (c)) is more nuanced. It requires that comparisons be conducted with several analytic solutions: two buckling options for transverse loading (Eqs. (3) and (4)) and two core response models for longitudinal loading (with and without indentation). For the longitudinal orientation, the indentation result based on core yield coincides most closely with the measured loads. The results associated solely with bending (neglecting indentation) is non-conservative, by about 30%. In the transverse orientation, the lower bound for face buckling is grossly conservative, by almost a factor of 2. The upper bound lies between the two peak loads obtained in the experiments.
Differences in failure mode for the two thicker panels in the transverse orientation are addressed through select finite element calculations, presented in the next section. The calculations provide a more complete appreciation for the expected load capacities as well as the ensuing plastic response.
Finite element analysis
Model
A numerical study has been performed using the finite element code ABAQUS Ó . The meshes are depicted in Fig. 6 . In all cases, three-dimensional reduced integration shell elements (S4R) were used. The mesh was denser in the region around the central platen. The rollers were modeled with reduced integration eight-node solid elements (C3D8R). Contacts between the panel and the rollers as well as between the panel and the platen were modeled as hard surfaces (no penetration), with a friction coefficient of 0.1. The rollers were clamped at their centers. One node of the panel was restrained horizontally. The stress/strain curve measured for brazed 304 stainless steel was used to characterize the plastic response (YoungÕs modulus, E = 200 GPa, Poisson ratio, m = 0.3, yield strength, r Y = 160 MPa, yield strain, e Y = r Y /E = 0.0008). The load-displacement behavior was obtained by imposing a vertical displacement on the platen.
Load/deflection curves
The simulated load/deflection curves are presented in Figs. 7-10. Generally, the load capacities (limit loads) correspond closely with the measurements. But, the calculated plastic displacements are generally lower than the measurements, sometimes significantly (Fig. 7) . This disparity remains unresolved.
The failure modes for the thicker panels under transverse loading are elaborated by conducting an eigenvalue analysis to extract the lowest energy buckling modes. The first four buckling modes are presented in Fig. 11 , together with the associated critical loads. Note that face buckling is the lowest mode, consistent with the analytic prediction. This mode occurs in one test (Fig. 10(a) ): but, core buckling (mode 3) occurs in the other, even though it requires a higher load (Fig. 11 ). Introducing small mode 3 imperfections (characterized by the ratio of lateral displacement to member length) and recalculating the load/deflection responses gives the results summarized in Fig. 10(b) . Note that an imperfection with 1% amplitude is sufficient to modify the order of the eigenvalues and trigger failure by core buckling. A 2% imperfection predicts loads consistent with the experimental result. Moreover, by introducing mode 1 imperfections and recalculating the response, now failure occurs by face buckling. The implication is that the responses found in practice can differ among beams in a manner dictated by fabrication imperfections.
The corresponding analysis for the longitudinal orientation (Fig. 12 ) reveals the first four modes. Choosing the two lowest and introducing imperfections results in the load/deflection responses in Fig. 8 . In all cases, buckling is preceded by core yielding beneath the indenter, at a load V 2 /EM = 0.32 · 10 À6 . This value is essentially the same as that from the analytic model that incorporates indentation, shown in Fig. 4(a) . In contrast with the transverse orientation, the load capacity is imperfection insensitive. This may be due in part to the plasticity that precedes buckling.
Conclusions and implications
An experimental and computational study of the mechanical response of sandwich plates with corrugated cores has been performed. The goals have included the assessment of analytic models of beam failure Fig. 10 . Load-displacement curves from both experiments and FE calculations for the thicker panel tested in the transverse direction. Eigenmodes are reported in Fig. 11 . The open circles represent analytic bounds for face buckling. In (a), the test specimen failed by face buckling (mode 1); the buckling load predicted by FE (without imperfection) agrees well the measured peak value. In (b), failure occurred by core buckling (mode 3). Here the buckling load is consistent with a 2% mode 3 imperfection. (Valdevit et al., 2004 ) and the provision of information about the behavior subsequent to failure initiation. Two sets of panels were tested in both longitudinal and transverse orientations. The designs were chosen based on failure maps, developed using the analytical model. Each of the two panel types was near-optimal in one of the two directions. The main findings can be summarized as follows:
(a) Comparisons with measurements and finite element simulations have affirmed that the analytic model provides an accurate assessment of the critical loads when controlled by face yielding. Buckling loads are more difficult to predict accurately, because of their sensitivity to the rotational constraints of the nodes as well as fabrication imperfections. (b) The assessment of panels tested under longitudinal loading has revealed the importance of compressive stresses beneath the platen. To incorporate this effect, a core indentation model based on beam theory has been derived and shown to be in good agreement with experimental results. (c) The behavior subsequent to failure initiation depends strongly on the position of the panel in the failure map. Designs that lie deep within face yielding are the only ones to exhibit appreciable hardening. All other designs buckle (either elastically or plastically), causing softening soon after the criticality. Thus, when robustness is a key requirement, off-optimum designs are preferred. (d) Panels subjected to transverse loads are imperfection sensitive. For designs near the confluence of core and face buckling, such imperfections can trigger modes that differ from analytic expectations. Panels subjected to longitudinal loads exhibit only weak imperfection sensitivity. (e) The finite element calculations predict the limit loads quite successfully, although they under-predict the extent of plastic deformation. ðA:3Þ
Solution of these equations yields the effective stress within the core (treating it as a homogeneous continuum): 
